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Introduction
Titanium alloys have received considerable attention because of their good physical and mechanical properties [1] [2] [3] [4] [5] [6] . As one kind of important titanium alloys, Ti-6Al-4V has been studied widely, including the microstructure, hardness, fatigue tic deformation and the hardness variation after spherical loading. Spherical loading is a critical factor that must be considered during the rolling contact process, which influences the rolling contact fatigue lives of components obviously [17] [18] [19] . After implementing spherical loading on a metal material, a residual imprint is usually formed, and a local plastic zone surrounds the residual imprint simultaneously. Nowadays, researchers have mostly focused on the macroscopically mechanical properties of titanium alloys [20, 21] ; there is little investigation related to the local mechanical properties of Ti-6Al-4V after high-load spherical indentation. Therefore, studying the local mechanical properties of plastic zone surrounding the residual imprint is significant for using Ti-6Al-4V alloy. Generally, hardness is an important indication of mechanical properties in local plastic zone. Traditional Vickers indentation has been used to test the hardness of subsurface layer of shot-peened Ti-6Al-4V in the previous work [22] . In order to obtain the distribution of hardness along the depth in local plastic zone, the thin surface layer must be removed bit by bit via chemical etching at each depth, which makes it hard and time-consuming to accurately control the depth. Thus this method should be improved, and some references have reported that the nanoindentation method is effective to characterize the hardness [23, 24] , but it preliminary focuses on thin films and coating materials. In 1986, Noerner and Nix started to investigate the elastic and plastic properties of thin films by depth-sensing indentation instruments [25] . In 1989, Nix systematically studied the mechanical properties of thin films on substrates [26] , and the mechanical properties of thin films required the development of nontraditional mechanical testing techniques. In 1991, Tirupataiah and Sundararajan considered the constraint factor associated with the indentation of work-hardening materials with a harder spherical ball [27] , and the constraint factor was dependent on the material properties. In 1992, Pharr and Oliver indicated that the residual stresses of thin films could be measured via nanoindentation experiments [28] . In 2002, Saha and Nix examined the effects of the substrate on the determination of mechanical properties of thin films by nanoindentation [29] . In addition, some simulation work related to spherical indentation and nanoindentation has been implemented. Bhattacharya and Nix utilized the finite element method to study an elastoplastic analysis of axisymmetric conical indentation, and it was found that the shapes of the plastic zones depended strongly on both indenter angle and the ratio of Young's modulus to yield strength [30] . Furthermore, Donohue et al. [31] utilized finite element method to simulate the spherical indentation, and established the important connections between the indentation stress-strain curves and the conventional uniaxial stress-strain curves. However, in none of the studies mentioned above, has the related research about Ti-6Al-4V been involved. In 2015, Han et al. [32] utilized the crystal plasticity finite element method to simulate the load-displacement curves of Ti-6Al-4V. The simulated results indicated that the nanoindentation could introduce the plastic strain around the indentation, and the size of strain area was similar to the size of the indentation.
Additionally, some experimental work using the nanoindentation method to investigate the mechanical properties of Ti-6Al-4V has been carried out. In 2008, Li et al. [33] conducted the nanoindentation tests on the hole surface and subsurface in high-throughput drilling of Ti-6Al-4V. Nanoindentation tests identified a 15-20 m thick of high-hardness subsurface layer with peak hardness over 9 GPa, relative to the 4-5 GPa of bulk material. In Everitt et al.'s [34] work in 2009, a nanoindentation technique was applied to measure the mechanical characteristics of the debris layer and the Ti-6Al-4V immediately below the debris layer. In 2011, Man et al. [35] investigated the hardness of the nitride layer of laser diffusion treated Ti-6Al-4V. Nanoindentation measurements revealed that the hardness of the nitride layer was around 11.3 GPa, about 2.3 times that of non-treated Ti-6Al-4V. In 2014, nanoindentation characterization on Ti-6Al-4V obtained by electron beam additive manufacturing was experimentally investigated by Gong et al. [36] . The indentation measurements identified the highest Young's modulus of 127.9 GPa and hardness of 6.5 GPa, which was attributed to the strengthening phase of ␣ and fine microstructure during the process of additive manufacturing.
Dynamic indentation tests using spherical projectile was carried out on solution treated and aged Ti-6Al-4V alloy at ambient conditions in Kumaraswamy's work [37] . Hardness increased with the strain up to the critical strain, due to the localization of plastic deformation underneath the impacting ball [37] . Han et al.'s [32] experiments revealed the sensitivities of nanoindentation to the different grain orientations. Meanwhile, indentation tests were performed on Ti-6Al-4V alloy quenched at various temperatures using a Berkovich indenter in Cai's work [38] , and the loading speed had little influence on measurement of hardness and Young's modulus. Hardness as well as Young's modulus were strong effected by indentation size [38] . Similar results were obtained in Dong et al.'s work [39] , and the hardness decreased with the increase of the indentation load, which was caused by the effects of indentation size.
Although the nanoindentation method has been utilized to investigate the mechanical properties of Ti-6Al-4V, little investigation can be found regarding the local plastic response under high-load spherical indentation, and the determination of the depth of the local plastic zone. In this study, a useful quantification methodology of the heterogeneous plastic deformation caused by spherical indentation in Ti-6Al-4V will be provided, and the plastic deformation during spherical loading can be used in the microstructure models and simulations of similar processes. Therefore, in this work, the cylinder sample of Ti-6Al-4V will first undergo high-load spherical indentation, then the variations of hardness on the local plastic zone will be investigated via nanoindentation method. The microstructure of indentations will be observed and all variations will be discussed in detail.
Experimental procedures

Preparation of materials and high-load spherical indentation
The specimen of Ti-6Al-4V used in this study was obtained via high-temperature synthesis. Before the experiment of ball indentation, the samples was annealed at 700 • C for 2 h and then removed the oxide layer on surface by sanding. The microstructure of etched surface is shown in the following SEM images in the part of results and discussion, and it can be found that the ␣ (gray, online) and ␤ (white, online) phases are distributed uniformly. And most of phases are ␣. Because Ti-6Al-4V contained two phases of ␣ and ␤, for obtaining the uniform distribution of two phases, the manufacturing process of melting and annealing were introduced. The diameter of sample was 3 cm and the thickness was 1 cm. The high-load spherical indentation was done using hydraulic pressure equipment with a 52,100 steel ball (D = 0.5 in.) as the rigid ball, and the residual imprint formed. The magnitude of loading (P) was about 2 × 10 4 N and the dwell time was 1 min. Before implementing the spherical loading, the surface of the cylindrical sample was orderly ground using three kinds of abrasive papers (400 + 600 + 800 grit) firstly, and then polished using 9 m diamond suspensions. Because the spherical loading would introduce large plastic deformation on the surface, there is no need of the further surface polishing. The schematic process of spherical loading is shown in Fig. 1(a) , and the photos of the sample and the residual imprint after loading are displayed in Fig. 1(b) . Labels for the zero point and the direction of increasing depth are added to Fig. 1(a) and (c), the schematic figure of the cutting plane is shown in Fig. 1(b) , and the scanning electron microscope (SEM) image of the cross-section is displayed in Fig. 1(c) .
Microstructure observation
The microstructure observation included two parts: (1) the two and three dimensional contours of residual imprint were obtained via using the white-light interferometer (ADE Phase Shift, USA); (2) the microstructure of indentations on the crosssection were observed using SEM (Hitachi S-4800, Japan) with a voltage of 20 kV before and after surface etching. During the experiment, the sample was cut along the diameter by the cutting machine with an external diamond blade, and the thickness of blade was 0.3 mm. In order to reduce the modification of plastic zone, the cutting speed was slow and the cooling liquid was utilized to decrease the heat concentration. Before grinding and polishing, the cold mounting method was utilized to avoid the influence of heating during the process of mounting. After mounting, in part (2), standard metallographic grinding and polishing procedures were used before observation. The cross-section was ground using different abrasive papers (400 + 600 + 800 grit) over a short time, and polished using 9 and 3 m diamond suspensions, and then 0.05 m aluminum oxide suspension in that order. Because the grinding and polishing time were short, the influence on plastic zone was reduced to the minimum. In addition, in order to observe the phases of Ti-6Al-4V, the surface of sample was etched using Kroll's Solution (HF : HNO 3 : H 2 O = 3 : 5 : 100) for 2-4 s, then cleaned with deionized water and acetone before SEM observation. 
Measurements on hardness and reduced modulus
Before testing by the nanoindentation method, the tests by traditional Vickers indentation were first implemented in the center underneath the residual imprint. Vickers hardness was measured by a Digital Hardness Tester (DHV-1000, Beijing, China) with loading weight of 2.94 N and holding time of 20 s. The distance between two adjacent indentations was 100 m. Afterwards, the measurement of hardness and reduced modulus were taken via the nanoindentation method utilizing nanoindenters (Micro Materials Ltd., UK). The Berkovich indenter, a three-sided pyramid with an areato-depth function was used in all measurements. During tests, the indenter geometry shape factor was 1.0. The maximum load was 50 mN and the loading rate was 1 mN/s. The dwell time with maximum load was 30 s. In order to measure the variation of hardness and the reduced modulus along the depth, ten locations were tested in order from the bottom of residual imprint. The accurate distance between two adjacent locations was measured. At each location, four indentations were made to reduce measurement error. All measurements were implemented at room temperature.
Results and discussion
3.1.
Microstructure observation Fig. 2 shows the two and three dimensional contours of the residual imprint after high-load spherical indentation. The two dimensional optical contour of residual imprint is presented in Fig. 2(a) , and it can be seen that the profile is a circle. The three dimensional contour and the line contour of residual imprint are shown in Fig. 2(b) and (c), respectively, where the depth of residual imprint is estimated as 32 m. According to the diameter and depth of residual imprint, the compressed volume of material is about 0.0408 mm 3 after high-load spherical indentation, due to the plastic deformation by the pressure and extrusion of 52,100 steel ball during the process of spherical loading [40, 41] . Before testing by the nanoindentation method, the tests by traditional Vickers indentation are implemented and the test results are shown in Fig. 3. Fig. 3(a) shows the SEM image of Vickers indentations along the centerline starting from the bottom of the residual imprint. From the results in Fig. 3(b) , the coarse tendency can be found that with the increasing of depth, the hardness decreases directly and then reaches a minimum low of about 320 Hv. However, it is hard to derive the detailed trends and rules on the aspect of hardness variation from the Vickers hardness, especially in the area close to the residual imprint. In addition, the hardness obtained from Vickers indentation is obviously observed to be discrete. Therefore, in order to obtain the accurate trends and rules of hardness variation, and the relationship between hardness and plastic zone, the nanoindentation method is introduced as an effective method for characterization.
Due to the disadvantages of measuring hardness using Vickers indentation, the hardness underneath the residual imprint are tested at various depths along the centerline via nanoindentation method, and the SEM images of indentations before and after surface etching are shown in Fig. 4 . Four indentations in each location are shown clearly in the center, and the magnification of four indentations are illustrated in Fig. 4(a) and (b) . Distance from the surface is labeled in the figure. Moreover, the accurate distance between two adjacent locations are labeled and shown in Fig. 4(c) . In 2015, Han et al. [32] utilized the crystal plasticity finite element method for simulating the load-displacement curves, which agreed with the experimental data. Their simulated results indicated that the nanoindentation introduced the plastic strain around the indentation, and the size of strain area was similar to the size of the indentation. In order to avoid the influence of residual strain between two adjacent indentations and assure the accuracy of measurement, the distance between two indentations is at least double of the indentation size. Therefore, based on the expected size of indentations, the distance between two adjacent indentations is set at 15 m in this work. In addition, based on calculation, using more indentations in each location will lead to excessive coverage area, which will influence the accuracy of measurement area. For instance, using 9 indentations will make the coverage area reach at least 900 m 2 in each location, which has been shown in the schematic picture in Fig. 4(d) . Considering both factors, using 4 indentations to determine the hardness in each location is appropriate for this study, as the accuracy of the measurement of hardness in smaller coverage area can be ensured. The schematic pictures of the distance between two adjacent locations and the coverage area by indentations are shown in Fig. 4(d) .
The four indentations represent four measurements in each location, and four load-displacement curves can be obtained. In Fig. 4(a) , by comparing the indentation size between location 1 and 4, it is shown that the size of indentation in location 1 is smaller than that in location 4, which agrees with the determination of hardness in Fig. 5 , which will be shown in the following section. The smaller size of indentation, the higher hardness. The indentation size indicates that the higher hardness exists closer to the residual imprint, which is due to the strain hardening under spherical loading [40, 41] . Owing to the effect of pressure and extrusion by 52,100 steel ball, the plastic deformation is generated below and around the residual imprint.
SEM images of indentations after surface etching are shown in Fig. 4(b) . From the magnification of location 1, two phases ␣ (gray area) and ␤ (white area) of Ti-6Al-4V can clearly be seen. After surface etching, the indentation size and the variation trend are almost the same as that before etching. Furthermore, in Fig. 4(b) , the phases impacted by the indentation can clearly be observed, that is the big advantage of Fig. 4(b) compared to Fig. 4(a) . The plastic deformation of ␣ and ␤ phases is displayed after the indentation test, as well as the indenters impact on both ␣ and ␤ phases, which shows that the hardness are the average values of ␣ and ␤ phases. Fig. 5(a) shows the load-displacement curves of four indentations in location 8 as a representative location. Each curve in the figure contains three parts, the loading phase, the dwell time with the maximum loading, and the unloading phase. During the calculation of the maximum displacement, the zero point is determined from the position where the load increases sharply, as shown in the figure. From all load-displacement curves, the net values of maximum displacement for ten different locations can be calculated, and the results are shown in Fig. 5(b) . Moreover, in order to know more about the variation trend of displacements, the average displacement of four indentations in each location is also shown. From the figure, it is indicated that the maximum displacement increases gradually with the increase in depth, which is consistent with the size of indentation in Fig. 4(a) and can indirectly reveal the decrease of hardness. The average between two adjacent locations are displayed in (c). The schematic pictures of the distance between two adjacent locations and the coverage area after tests are drawn in (d). displacement increases from 572 nm (in location 1) to 671 nm (in location 10), which agrees with the variation of hardness in Fig. 6 . During the process of hardness measurement, four measurements are carried out at each location along the centerline, and four hardness values (H) are obtained. Fig. 6(a) shows the approximate boundary between the near surface layer and the deep surface layer. The accurate and average values of hardness are shown in Fig. 6(b) . The error bars are obtained with a standard practice. In Fig. 6(b) , the hardness decreases gradually with the increase in depth. And the maximum hardness appears at the depth of 132 m (location 1), and the value is 6.438 ± 0.095 GPa, about 43% higher than the value (4.491 ± 0.165 GPa) at the depth of 1137 m (location 10). In addition, the average hardness varies from 6.159 to 4.934 GPa in the near surface layer, which is much higher than the original hardness of Ti-6Al-4V (about 4.0 GPa). In the deep surface layer, the range of average hardness is 4.712 − 4.330 GPa, lower than those in the near surface layer, but still slightly higher than the original value. The hardness obtained by nanoindentaion method in this work is in accordance with pervious references [32, 33, 38] . In Ref. [32] , the hardness range of Ti-6Al-4V was 4.09-4.71 GPa. In Li et al.'s work, nanoindentation tests identified a 15-20 m thick of high hardness subsurface layer with peak hardness over 9 GPa in high-throughput drilling of Ti-6Al-4V, relative to the 4-5 GPa of bulk material [33] . In Cai et al.'s work, the influence of loading speed on micro hardness was studied and the hardness varied from 4.0 to 5.5 GPa with the variation of indenter displacement [38] . Based on the comparing and discussion, it can be found that the hardness obtained in the plastic zone is higher than that in the refer- ences, which may be caused by the plastic deformation and working hardening during loading.
Investigation on hardness and reduced modulus
In Fig. 6(b) , the hardness in the near surface layer is higher than that in the deep surface layer. Moreover, the decline rate of hardness can be obtained from the relationship between hardness and depth. Based on the calculation and fitting, the relationship between hardness and depth is linear, and the slopes of the linear fits and their R-squared values are S 1 = −2.59 GPa/mm and R 1 = 0.97942 in the near surface layer, and S 2 = −1.19 GPa/mm and R 2 = 0.93831 in the deep surface layer. The decrease of hardness in the near surface layer is faster than that in the deep surface layer. In the process of high-load spherical indentation, the extent of deformation under the residual imprint is different through different layers of the material. The work hardening in the deep surface layer (600-1200 m) is less than that in the near surface layer (0-600 m), which is due to the plastic strain gradient imposed by loading of the large spherical ball. According to the theoretical work on contact mechanics, the maximum strain appears in the substrate, which is related to the contact radius of the indentation. However, the hardness is not proportional to the strain, and the hardness is influenced by some other factors. In this work, the max hardness appears under the ball indentation, but it is not on the accurate position of the contact radius, which may be ascribed to that the severe plastic deformation resulting in the work-hardening on the surface layer. Although the maximum hardness is not located on the accurate position of the contact radius, the variation trend of hardness can be shown and illuminated.
According to the Oliver-Pharr method [23] , the reduced modulus can be obtained from the load-displacement curves and all results have been displayed in Fig. 7 . The average reduced modulus have also been calculated and shown. It can be found that the scatter of the test results, but the average values doesn't vary a lot. And the average results vary around 135 GPa, which is higher than the original elastic modulus (114 GPa) tested by the conventional stress-strain method. The improvement of reduced modulus in the surface layer is resulted from the influence of different indentation sites during testing. Because Ti-6Al-4V contains two phases, the size of indentation is small. Sometimes, the indenter impacts on only ␣ phase, which results in the bigger modulus than the original modulus. Meanwhile, the average reduced modulus is also improved.
Based on the above analyses and the test results, the depth of local plastic zone below the residual imprint can be obtained and the approximate value is estimated to be 1100 m. The severe plastic deformation is introduced due to the pressure and extrusion by 52,100 steel ball. Although the maximum hardness is not located on the accurate position of the contact radius, the variation trend of hardness can be shown and illuminated. Because of the effect of pressure and extrusion, the process of high-load spherical indentation is an essential process of work-hardening, which can induce the strain gradient below and around the residual imprint, and result in the improvement of hardness in the local plastic zone.
Conclusions
The variations of hardness and reduced modulus on the local plastic zone of Ti-6Al-4V were investigated via the nanoindentation method after implementing spherical loading. The results revealed that the hardness decreased gradually with the increase in depth, and the decrease rate in the near surface layer was faster than that in the deep surface layer, which was attributed to the plastic strain gradient imposed by loading of the large spherical ball. The maximum hardness was measured at the depth of 132 m, and the value was 6.438 ± 0.095 GPa, about 43% higher than the value (4.491 ± 0.165 GPa) at the depth of 1137 m. The average reduced modulus was about 135 GPa, which was higher than the original value. The improvement of reduced modulus was resulted from the influence of different indentation sites during testing. Based on the results, the depth of local plastic zone below the residual imprint was estimated as 1100 m. The improvement of hardness in the local plastic zone were caused by the pressure and extrusion of 52,100 steel ball, which was an essential process of work-hardening and induced the plastic strain gradient below and around the residual imprint. Regarding the microstructure, the indenters impacted on both ␣ and ␤ phases, and the tested hardness were the average values of ␣ and ␤ phases.
